Objectives and Summary Background: Low tidal volume ventilation (LTV) has improved survival with acute respiratory distress syndrome (ARDS) by reducing lung stretch associated with volutrauma and barotrauma. Additional strategies to reduce lung stretch include arteriovenous carbon dioxide removal (AVCO 2 R), and high frequency percussive ventilation (HFPV). We performed a prospective, randomized study comparing these techniques in our clinically relevant LD 100 sheep model of ARDS to compare survival, pathology, and inflammation between the 3 ventilator methods. Methods: Adult sheep (n ϭ 61) received smoke inhalation (48 breaths) and a 40% third-degree burn. After ARDS developed (PaO 2 /FiO 2 Ͻ200), animals were randomized. In experiment 1, animals were killed at 48 hours after randomization. Hemodynamics, pulmonary function, injury scores, myeloperoxidase (MPO) in lung tissues and neutrophils, IL-8 in lung tissues, and apoptosis were evaluated. In experiment 2, the end point was survival to 72 hours after onset of ARDS or end-of-life criteria with extension of the same studies performed in experiment 1. Results: There were no differences in hemodynamics, but minute ventilation was lower in the AVCO 2 R group and PaCO 2 for the HFPV and AVCO 2 R animals remained lower than LTV. Airway obstruction and injury scores were not different among the 3 ventilation strategies. In experiment 1, lung tissue MPO and IL-8 were not different among the ventilation strategies. However, in experiment 2, lung tissue MPO was significantly lower for AVCO 2 Rtreated animals (AVCO 2 R Ͻ HFPV Ͻ LTV). TUNEL staining showed little DNA breakage in neutrophils from experiment 1, but significantly increased breakage in all 3 ventilator strategies in experiment 2. In contrast, AVCO 2 R tissue neutrophils showed From the Departments of *Pediatrics, †Surgery, ‡Pathology, §Anesthesiology, ¶Internal Medicine, and Radiology, University of Texas Medical Branch, Galveston, TX.
significant apoptosis at 72 hours post-ARDS criteria as measured by nuclear condensation (P Ͻ 0.001). Survival 72 hours post-ARDS criteria was highest for AVCO 2 R (71%) compared with HFPV (55%) and LTV (33%) (AVCO 2 R vs. LTV, P ϭ 0.05). Conclusions: Significantly more animals survived AVCO 2 R than LTV. In experiment 2, Lung MPO was significantly lower for AVCO 2 R, compared with LTV (P Ͻ 0.05). This finding taken together with the TUNEL and neutrophil apoptosis results, suggested that disposition of neutrophils 72 hours post-ARDS criteria was different among the ventilatory strategies with neutrophils from AVCO 2 R-treated animals removed chiefly through apoptosis, but in the cases of HFPV and LTV, dying by necrosis in lung tissue. R eduction of volutrauma and barotrauma in patients with acute respiratory distress syndrome (ARDS) result in significant reductions in mortality. 1 Low tidal volumes (LTV) and pressure limitation decrease mortality from ARDS as observed in multiple trials. [2] [3] [4] [5] [6] [7] [8] Controversy still exists as to which gentle ventilation mode provides the greatest benefit. 3, 9, 10 One gentle ventilation technique uses high-frequency percussive ventilation (HFPV) in which rapid sequence, subtidal volume breaths are delivered with a shortened expiratory time. Successive breaths are permitted to stack to a cumulative tidal volume. [11] [12] [13] Studies of HFPV in the smoke inhalation model have demonstrated improved oxygenation at low peak airway pressures. 11,14 -19 An advantage of HFPV, which may uniquely suit it to the inhalation model, is the effect of its percussive action on optimization of pulmonary toilet. 13 Another extraventilatory strategy for managing respiratory failure is the use of extracorporeal gas exchange. Arteriovenous CO 2 removal (AVCO 2 R) uses a commercially available, low-resistance gas exchanger in a simple percutaneous arteriovenous shunt to achieve near-total extracorporeal removal of CO 2 production with only 800 to 1200 mL/min flow. 20 -25 AVCO 2 R allows CO 2 normalization at low tidal volumes and respiratory rate. We have previously demonstrated in an LD 50 model that AVCO 2 R results in significantly higher survival compared with standard ventilation at moderately high tidal volume. 24 Because LTV has now resulted in improved survival, we chose to study an LD 100 model previously shown to have 100% mortality by 120 hours postinjury. 26 Our present study compares 3 gentle ventilation techniques (LTV, HFPV, and AVCO 2 R) utilizing our clinically relevant, LD 100 ovine model of smoke/burninduced ARDS.
MATERIALS AND METHODS
The study was approved by the Institutional Animal Care and Use Committee (IACUC) of The University of Texas Medical Branch, Galveston, Texas, in compliance with the "Guide for the Care and Use of Laboratory Animals." All sheep received 24 hours/d cage-side care and physiologic monitoring with oversight by a veterinary anesthetist. An independent veterinarian supervised the experiments for compliance with IACUC guidelines.
Induction of ARDS
Adult free-range ewes (n ϭ 61, 30 -45 kg) were instrumented with femoral and pulmonary arterial catheters to obtain baseline variables (HR, CO, MAP, PAP, CVP, PAWP, and ABG). After endotracheal intubation, 1% to 2.5% isoflurane was administered via an anesthesia ventilator (Ohmeda 7000; BOC Health Care, Liberty Corner, NJ). To induce ARDS, a third-degree cutaneous flame burn to 40% total body surface area (20% on each flank) with 48 breaths of cotton smoke insufflation was performed as previously described. 27 Combined with moderately high tidal volume (15 mL/kg) ventilation (Servo 900C; Siemens-Elema, Sweden), this "3-hit" model of ARDS produces 100% mortality in animals that develop P/F ratios Ͻ200. 26 Fluid resuscitation used lactated Ringer's solution at 160 mL/kg/24 hours according to standard burn protocols. 28 Hemodynamic variables, ventilator parameters, and ABGs were recorded every 6 hours. Minute ventilation and FiO 2 were adjusted to maintain arterial pH 7.35 to 7.45, PaO 2 Ͼ60 mm Hg and PaCO 2 Ͻ40 mm Hg. Antibiotics (Nafcillin, 1 g every 6 hours; Gentamicin sulfate, 80 mg every 8 hours) were administered throughout the experiments. Mild sedation and airway suctioning were done every 4 hours or as needed.
After ARDS criteria were met, the sheep were randomly assigned to LTV, AVCO 2 R, or HFPV. After randomization, all animals received systemic anticoagulation (300 IU/kg bovine lung heparin; Upjohn, Kalamazoo, MI). Activated clotting time (ACT, Hemochron 400; International Technidyne, Edison, NJ) was maintained between 180 and 300 seconds by continuous heparin infusion.
Two separate experiments were performed. In experiment 1 the animals were killed at 48 hours after randomization to provide a midcourse window to compare pathophysiologic parameters. Twenty-four animals were randomized in experiment 1 ͓LTV (n ϭ 8), AVCO 2 R (n ϭ 7), and HFPV (n ϭ 9)͔. Three animals in the LTV group died before the 48-hour end point and were deleted from the analysis, leaving a total of 21 animals. In experiment 2, 30 animals were randomized to LTV (n ϭ 10), AVCO 2 R (n ϭ 10), and HFPV (n ϭ 10) to assess survival to 96 hours post smoke/burn injury or killed if end-of-life criteria (defined as systolic blood pressure Ͻ60 mm Hg or heart rate Ͻ40 bpm, PaCO 2 Ͼ100 mm Hg or PaO 2 Ͻ45 mm Hg for 1 hour) were met. Autopsy was performed and lung tissue was obtained after death or killing.
LTV Ventilation
LTV followed the low tidal volume arm of the ARDS Network trial. 2 Sheep were ventilated in assist control mode and tidal volume was decreased from 15 to 6 mL/kg stepwise over 4 to 6 hours after meeting ARDS criteria. Respiratory rates (RR) were adjusted between 2 and 35 per min with a goal of PaCO 2 Ͻ55 (RR of 2-30 per min). FiO 2 and PEEP were titrated based on the FiO 2 /PEEP grid used in the ARDS Network trial 2 with a goal of PaO 2 Ͼ60 mm Hg.
AVCO 2 R
After randomization, animals in the AVCO 2 R group were reanesthetized and then underwent cannulation of the left common carotid artery (percutaneous 12F TF018LH; Research Medical, Midvale, UT) and the left jugular vein (percutaneous 14F TF022L; Research Medical). A commercially available, low-resistance membrane gas exchanger (Affinity; Avecor Cardiovascular, Plymouth, MN) was primed with 0.9% NaCl solution (270 mL) and connected to the vascular cannulas forming an arteriovenous loop. 21, 23, 24 After the initiation of AVCO 2 R, ventilator management was identical to the LTV arm according to the ARDS Network trial. 2 AVCO 2 R blood flow was monitored by an ultrasonic flow probe (model H6X; Transonic Systems, Ithaca, NY) on the arterial cannula interfaced with a real-time flowmeter (model HT 109; Transonic Systems). Sweep gas flow (100% oxygen) was maintained at 1.5 to 2.0 times blood flow. CO 2 removal was calculated as the product of gas flow and its exhaust CO 2 concentration measured by an in-line capnometer (SaraTrans, Lenexa, KS).
HFPV Ventilation
The HFPV group used the VDR ventilator (VDR, Percussionaire Corp., Sandpoint, ID), a time-cycled, pressure-limited ventilator with a piston driven by high-frequency delivery of gas superimposed on conventional pressure-controlled ventilation. 13, 17 Rapid subtidal breath stacking creates each tidal breath. Initial ventilator settings included: a pressure limit set at 30 cm H 2 O, a pulse frequency of 400 to 600 cycles/min superimposed on a RR of 5 to 20 breaths/min, an oscillatory PEEP of 5 cm H 2 O, and a 1:1.5 to 2 inspiratoryto-expiratory ratio. When PaCO 2 Յ35 mm Hg, stepwise adjustments to HFPV were made as follows: (1) increase pulse frequency; (2) decrease phase rate by prolonging inspiratory and expiratory time; and (3) decrease pressure limit. When PaCO 2 Ն50 mm Hg, adjustments were made in the opposite direction PaO 2 was maintained between 60 and 100 mm Hg by adjusting FiO 2 . To prevent cast formation, humidification during HFPV was delivered via a high-volume dual nebulizer into the ventilator.
Pulmonary Measurements
Bronchial and bronchiolar obstruction in 1 cm lung slices was determined by our published methods. 29 Bronchi (8 -27) and bronchioles (89 -220) per slide were evaluated for percentage of total airway lumen obstructed by casts. Lung wet to dry ratios were measured according to Pearce et al 30 Lung pathologic scores were assigned by a pathologist blinded to study group for the variables of congestion, edema, hemorrhage, PMNs, hyaline membranes, septal thickness, and fibrosis. MPO of lung homogenates was assayed enzymatically. 31 Protein was measured using a bicinchonic acid protein assay kit (Pierce). Detection of IL-8 in homogenized lung tissue was by ELISA 32 with K2.2 (a human monoclonal antibody that cross-reacts with sheep IL-8 33 ) as the capture antibody and goat polyclonal antihuman IL-8 as the detector (R&D Systems, Minneapolis, MN).
Neutrophil Apoptosis
Immunohistochemical staining was performed on frozen sections (15-20 m) fixed with 4% paraformaldehyde and permeabilized with Triton X-100. Dual staining was performed with polyclonal antibovine type IV collagen (Biodesign International) (1:40) and human antihuman MPO cross reacting with ovine MPO (US Biologicals, M9760). Detecting antibodies were absorbed goat antihuman IgG conjugated to Alexa Fluor 594 (1:1000) (Molecular Probes, A1104) and goat antirabbit IgG (Sigma, F1262) (1:40). Nuclei were stained with Hoechst 33258 (bis-benzamide H, Sigma, B2883) and visualized with a Zeiss LSM 510 laser scanning confocal microscope. Volocity software (Improvison, Lexington, MA) was used to construct 3-dimensional models to allow an accurate volume of the tissue examined. Improvision software allowed automation of detection of both MPO and nuclear staining to determine the number of cells with MPO, MPO volume, and the extent of nuclear condensation as measured by the increase in intensity of the nuclear stain Hoechst 33258, a measure of the extent of apoptosis of the neutrophils and other cells in the tissue. 33 The MPO volume determinations were limited to objects Ն50 m 3 . The intensities of Hoechst staining were collected and assigned to previously determined ranges (binning). Nuclear condensation agrees well with measurement of nondiploid DNA in neutrophils by propidium iodide staining. 34 
TUNEL
DNA fragmentation in neutrophils and other lung cells was determined using an ApoAlert DNA Fragmentation kit (BD Clontech) according to the manufacturer's instructions. Cells positive for MPO and DNA fragmentation were identified using confocal microscopy and Improvision software as described earlier.
Analysis of Data
Physiologic parameters were analyzed using analysis of variance (ANOVA) for a balanced, 2-factor experiment with repeated measures in time. A post hoc Tukey correction procedure was employed for multiple comparisons. Analyses of the apoptosis distributions were compared with a 1-way simple random design ANOVA with appropriate post hoc corrections. These data fulfilled the requirements of equal variances and normality. Error sources were identified and appropriately considered to allow meaningful comparison of the effects of the 3 ventilation strategies. All tests assumed the 0.05 level of significance. Survival statistics (relative risk and P values) were obtained using Kaplan-Meier methods (SPSS, Chicago, IL).
RESULTS
Fifty-four of 61 animals successfully completed smoke/ burn injury, resuscitation, and initial ventilator management) to meet ARDS entry criteria for the study. ARDS entry criteria was reached at 24.36 Ϯ 1.14 hours and did not differ between the 3 groups.
Cardiopulmonary Responses and Survival (Experiment 2)
There were 5 cases of mortality due to iatrogenic causes in experiment 2 (outcomes). We deleted these animals from the analysis. All remaining animals included in the survival analysis died of respiratory or multiorgan failure. The number of animals in the survival analysis was n ϭ 7 for AVCO 2 R, n ϭ 9 for HFPV, and n ϭ 9 for LTV. Survival at 96 hours postinjury was highest for AVCO 2 R (71%) as compared with HFPV (55%) and LTV (33%) ( Fig. 1 ). Survival of AVCO 2 R and HFPV-treated animals were compared with the LTV animals representing the present standard of care. The relative risk of death (LTV vs. AVCO 2 R) was 4.64 Ϯ 3.76, (P ϭ 0.05) for the AVCO 2 R group and (LTV vs. HFPV) 2.68 Ϯ 1.69 (P ϭ 0.12) for the HFPV group. The time of death tended to be earlier for the LTV group (55.56 Ϯ 10 hours) compared with the AVCO 2 R (84.71 Ϯ 6.13 hours) and HFPV (75.78 Ϯ 8.30 hours) groups, but this difference was not significant (P ϭ 0.07).
There were no significant differences in hemodynamics (Table 1 ) before randomization. In all 3 groups there was an FIGURE 1. Kaplan-Meier curve showing survival over time in the LTV, HFPV, and AVCO 2 R groups. The number of animals were LTV (n ϭ 9), HFPV (n ϭ 9), and AVCO 2 R (n ϭ 7). Data are expressed as mean Ϯ SEM; *P Յ 0.05 for LTV versus AVCO 2 R. increase in pulmonary artery pressure over the 60 hours after randomization, but there were no differences between the 3 groups at any time point. CVP did not differ between the 3 groups, nor did pulmonary artery wedge pressure. The cardiac output (CO) rose in the AVCO 2 R group at 48 and 60 hours post randomization. Because of the possibility of sepsis, we analyzed body temperature and found no differences between the groups at 48 or 60 hours. As to ventilator settings ( Table 2) , none of the groups differed before randomization. We were unable to accurately measure mean airway pressure, tidal volume, peak airway pressure, or minute ventilation in the HFPV group because of the unique characteristics of the ventilator. However, we compared LTV to AVCO 2 R and found that tidal volume dropped in both groups over time, but did not differ between groups, nor did mean airway pressure, peak airway pressure, or PEEP.
In the AVCO 2 R group, minute ventilation was significantly lower after randomization and at all later time points compared with the initial baseline. Minute ventilation was significantly lower (approximately half) in the AVCO 2 R compared with the LTV groups at the 24, 48, and 60-hour post randomization time points. PaO 2 dropped in all groups over time (Table 3 ). However, FiO 2 and PaO 2 did not vary between the 3 groups at any of the time points. PaCO 2 rose and pH fell in the LTV group at 24, 48, and 60 hours, but not in the AVCO 2 R group until 60 hours. PaCO 2 was significantly lower in the AVCO 2 R and HFPV groups compared with LTV at 24 hours. Calculated blood bicarbonate rose over time in the LTV group and was higher at all time points compared with the AVCO 2 R and HFPV groups. Figure 2A shows the obstruction scores for experiment 1. There were no differences in the obstruction scores for either the bronchi or bronchioles in the 3 study groups. In experiment 2 ( Fig. 2B ), animals treated with HFPV had significantly less bronchial (P Ͻ 0.05) obstruction than animals treated with AVCO 2 R. The HFPV animals also tended to have less bronchiolar obstruction, but the differences did not reach significance.
Bronchial and Bronchiolar Obstruction

Lung Wet to Dry Ratios
In experiment 1, there were no statistically significant differences in lung wet/dry ratios between the values for the treatment groups (6.23 Ϯ 1.23 for LTV, 7.3 Ϯ 1.1 for AVCO 2 R, and 6.71 Ϯ 1.38 for HFPV). Similarly in experiment 2, differences in lung wet to dry ratios for LTV, AVCO 2 R, and HFPV animals at killing (7.0 Ϯ 1.76, 7.21 Ϯ Table 4 summarizes the scores for the 5 pathologic variables in the 2 experiments. There were no significant differences in the scores between the groups in either experiment. Figure 3A depicts the values for lung MPO in experiment 1. Lung MPO was relatively low and did not differ between the groups. In experiment 2, the values for lung MPO were higher than in experiment 1 in all 3 groups (Fig.  3B ). Lung MPO was greater in both the LTV (P ϭ 0.012) and HFPV (P ϭ 0.046) groups compared with AVCO 2 R. The lung MPO values at death paralleled mortality in the groups.
Lung Pathology
MPO in Lung Tissue and Neutrophils
The volume of MPO for cells in lung tissue for the 3 ventilator modalities did not differ between the ventilator strategies in experiment 1 (Fig. 4A ) or experiment 2 (Fig. 4B ).
IL-8 in Lung Homogenates
The amount of IL-8 was significantly larger in animals in experiment 1 (Fig. 5A ) compared with experiment 2 (Fig.  5B ). This is consistent with the apparent influx of neutrophils between 48 and 72 hours after injury. IL-8 did not differ between the groups in either experiment.
Apoptosis of Lung Tissue Neutrophils
Differences in the degree of nuclear condensation (measure of apoptosis) were apparent among the 3 modes of ventilation in both experiment 1 and 2. At 48 hours postcriteria, lung tissue neutrophils showed significantly increased nuclear condensation in LTV-treated animals compared with AVCO 2 R (P Ͻ 0.001) ( Fig. 6A ) with about the same number of neutrophils in the 3 arms, whereas in experiment 2, neutrophils in the AVCO 2 R group were the most apoptotic. The apparently fewer neutrophils in the AVCO 2 R group are accounted for by 2 less animals in this arm (Fig. 6B ).
DNA Fragmentation of Lung Tissue Neutrophils
DNA fragmentation in lung tissue neutrophils was estimated by TUNEL staining. Little fragmentation was evident at 48 hours postcriteria ( Fig. 7) . However, DNA fragmentation was found in the majority of lung tissue neutrophils at 72 hours postcriteria in AVCO 2 R, HFPV, and LTV ( Fig. 7) . There was no significant difference among these groups within each time period (P Ͼ 0.05), but a comparison of the 3 ventilation strategies at the 2 time points was significant (P Ͻ 0.01).
DISCUSSION
We found that AVCO 2 R resulted in a significant improvement in survival as compared with standard low tidal volume ventilation (LTV). High-frequency percussive venti- lation (HFPV) resulted in a trend toward improved survival compared with LTV but the difference was not statistically significant. The cause of differences in mortality among the 3 ventilation strategies remains to be proven. Three possibilities might explain the improvement in survival seen with AVCO 2 R. First, minute ventilation was significantly decreased (approaching 2-fold) in the AVCO 2 R group, despite similar PIP and tidal volume between the LTV and AVCO 2 R groups. An improvement in survival due to decreased minute ventilation (in our experiments, less frequency) would be disputed by previous research showing that the magnitude of stretch correlates more closely with lung injury. 35 However, recent work by Gattinoni et al 36 indicates that the volume of recruitable lung is a positive indicator of mortality in ARDS. These observations coupled with recent meta analyses of tidal volumes in ARDS patients that show an increase in mortality even at peak airway pressures that ordinarily would be assumed to be safe, suggest the possibility that mortality in ARDS is related to opening and closing injured alveoli. AVCO 2 R, therefore, may allow a significant decrease in this deleterious activity. A second difference between AVCO 2 R and LTV was the PaCO 2 , which was maintained at low to FIGURE 2. Obstruction scores for bronchi and bronchioles expressed as % of total airway lumen obstructed by casts. Measurements were made 48 hours after criteria were met for ARDS (A) and at killing (B) for the 3 treatment groups. Data are expressed as mean Ϯ SEM. There were no differences in obstruction scores for groups in experiment 1 (A). In experiment 2 (B), bronchial obstruction scores were significantly lower in the HFPV group compared with AVCO 2 R. normal levels in the AVCO 2 R group until 60 hours, whereas it was high in the LTV group from 24 hours after randomization. The PaCO 2 was also low in the HFPV group, which showed a trend toward improved survival compared with LTV. However, the actual flux of CO 2 through the lung tissue was presumably even less in the AVCO 2 R group because of CO 2 removal directly from the blood via the AVCO 2 R circuit. It is possible that hypercapnia contributes to lung injury and that carbon dioxide diffusion in damaged lung parenchyma may exacerbate or sustain inflammatory damage. 37, 38 Finally, the AVCO 2 R gas exchange device is known to transiently trap polymorphonuclear leukocytes which could result in removal of activated cells from the circulation. This mechanism is less likely because AVCO 2 R without sweep gas was not beneficial (n ϭ 4, all died, early unpublished data) in prolonging survival of these injured animals.
PMNs are considered to be of prime importance in causing lung damage associated with ARDS. 39 -43 Previous studies have shown increased numbers and activation of neutrophils in patients with ARDS and that the mode of ventilation may impact neutrophil activation. 16,44 -47 In support of those previous reports, the significantly lower lung MPO in the AVCO 2 R group at 72 hours postcriteria compared with HFPV and LTV, indicates that neutrophil disposition might be causally associated with the improved survival. Although lung MPO for all groups was significantly lower at 48 hours than at 72 hours, the numbers of neutrophils in the tissue determined by confocal microscopy at these time points did not differ. This suggests that lung MPO includes both MPO in neutrophils and MPO remaining in tissue after degranulation or disintegration of the cells. Therefore, although MPO is often used as a surrogate marker for neutrophil numbers, this assumption may be unjustified in certain cases. To interpret these data, the flux of neutrophils into the lung over time and the fate of these cells must be considered. After release from the bone marrow, neutrophils spend only a few hours in the peripheral circulation before migration into tissues. The half-life of neutrophils in lung tissue is uncertain and has been estimated to be as short as 2.6 hours in mice 48 and 6 days in rabbits. 49 Normally, the fate of lung neutrophils is likely controlled largely by resident macrophages and is then dependent on the rate of phagocytosis by these cells. Normally, only a few neutrophils die by necrosis. Presumably, the apoptotic neutrophils are phagocytized, and the MPO is degraded via highly specific proteolytic pathways (via ubiquitination) and transported to the proteasome where it is metabolized. 50 In that case, the MPO would not be measured by an enzymatic assay. Alternatively, those cells that either degranulate or die by necrosis might deposit enzymatically detectable MPO in the tissues. The present data may be interpreted as a large influx of neutrophils beginning at the 48-hour time point after randomization in all 3 study arms. In support of this, the lung IL-8 concentrations were consistent with increased neutrophil migration into lung tissue at 48 hours postcriteria (high IL-8 concentration) and lesser migration at the 72 hours time point (lower concentration of IL-8).
The significantly lower MPO found at 72 hours postcriteria in the AVCO 2 R-treated sheep compared with the other ventilatory modalities may be due to one or more of the Measurements were made at 48 hours after criteria were met for ARDS (A) and at killing (B) for the 3 treatment groups. In all 3 groups, IL-8 was higher at 48 hours than at killing, but there were no differences between treatment groups in IL-8 concentrations at either time point. FIGURE 6. Apoptosis as detected by fluorescent intensity of Hoechst staining in confocal micrographs of lung tissue. The confocal software counted the number of cells with each Hoechst staining intensity. Data are presented for neutrophils with positive MPO staining in experiment 1 (A) and in experiment 2 (B). By analyzing the morphometry of the cells, we determined that a small number of the MPO-negative cells are neutrophils that have lost their MPO, but that the majority are other lung cells. Analysis of variance techniques indicated significant differences in Hoechst intensity between LTV (higher) and AVCO 2 R (lower) for experiment 1. In experiment 2, the Hoechst intensity is higher for the AVCO 2 R group in MPO containing cells compared with LTV. MPO-containing cells were analyzed for TUNEL staining at 48 hours postcriteria and 72 hours postcriteria for DNA fragmentation (P Ͼ 0.05, for LTV, HFPV, and AVCO 2 R for differences within groups at the 2 times). Little fragmentation is present at 48 hours postcriteria, but a substantial increase in fragmentation is noted at 72 hours postcriteria (P Ͻ 0.05, for comparison between times).
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CO 2 Removal Improves Survival of ARDS following processes: (1) partial degranulation of neutrophils in the circulation before migration into the tissues; (2) migration of fewer neutrophils into the lung; (3) more efficient phagocytosis of neutrophils by resident macrophages in the lung. Little support for possible differential degranulation in the circulation was found because the numbers of neutrophils and the volume of MPO differed little among the 3 groups at 48 or 72 hours postcriteria. However, it is still possible there were differences in the rate of migration of neutrophils among the 3 arms in the period between 48 hours after randomization and killing time points. The uncertainty of neutrophil flux between the 2 time points is an unavoidable limitation inherent in the design of the study. In regard to the third possibility, there were significantly more apoptotic neutrophils at the time of killing in the AVCO 2 R group compared with LTV or HFPV. Increased apoptosis of neutrophils would presumably result in more efficient phagocytosis of neutrophils in the AVCO 2 R group. The TUNEL staining is consistent with this interpretation because it suggests that in the case of LTV and HFPV, more of the neutrophils were dying by necrosis because most of the neutrophils at the 72-hour postcriteria time point in all the ventilation groups showed DNA fragmentation. It will be important to answer this question in future studies because phagocytosis of apoptotic neutrophils by resident macrophages has an anti-inflammatory effect 51 on those cells due to elaboration of less proinflammatory cytokines. 51, 52 If a similar process occurs in other organs, it might have a moderating effect on the evolution of multiple organ failure that often accompanies severe respiratory failure. 53 In summary, we have shown in a burn/smoke model of lung injury that AVCO 2 R results in improved survival as compared with HFPV and LTV. Lower MPO in the AVCO 2 R group suggests a possible causal association between lung neutrophils and mortality in this model. The difference in MPO between the AVCO 2 R group and the LTV and HFPV groups was associated with differences in extent of apoptosis. Further study of neutrophil dynamics in the lung and other organs and of CO 2 flux in the lungs of animals treated with these ventilatory techniques are indicated to further illuminate the mechanism of the survival differences.
Discussions
DR. ROBERT H. BARTLETT (ANN ARBOR, MICHIGAN):
This study is very important in at least 3 areas of the pathophysiology and treatment of acute lung injury.
First of all, this model of ARDS is to my knowledge unprecedented. It is the only large animal clinical relevant model that can be studied for days, and in itself that is a major contribution.
Secondly, the use of selective CO 2 removal as opposed to oxygenation by a mechanical device allows the investigators to separate the effects of altered pulmonary mechanics, that is to say breathing and ventilation, and it offers the only real way to separate those 2 components of breathing, as Dr. Zwischenberger pointed out.
And thirdly, this technique allows the study of the basic mechanisms by which lung stretch or respiratory acidosis or other variables might impact the path of genesis and recovery from acute lung injury. We have journals full of studies on alveolar cells and lung capillary cells, all done in Petri dishes, and it is hard to understand the relevance of those studies. This model allows the molecular biology of the events occurring in ARDS to be studied in an appropriate model. This technique of selective CO 2 removal in respiratory failure is now being applied clinically, primarily in Europe. And my questions make the jump to clinical use.
The ideal application of this technology would seem to be the disease with pure CO 2 retention, that is to say status asthmaticus. Do you have any experience in this area? Have you studied it? What do you think about that application?
For a group of surgeons it would seem the ideal application would be patients who have undergone thoracotomy, perhaps pulmonary resection, and are now faced with complications either in the pulmonary parenchyma or broncopleural fistulas or blown stumps and so on. Has there been any application of this technique to that particular problem?
Finally, even though your studies have shown that oxygenation improves solely by the mechanical removal of One thing I must call attention to is that in the conduct of a study like this we had to follow animal case management protocols exactly. We conducted low tidal volume exactly the way the ARDS NET Trial prescribed. We performed percussive ventilation exactly the way the manufacturer recommends for patients. And we performed AVCO 2 R exactly the way we wrote the protocols for our human studies. When treating an animal in an outcome study, there is always a tremendous temptation to exercise your knowledge and skills as a physician to try to intervene or change that protocol. So, one of the most important points is to follow the protocol. Now, in terms of responding to your questions about clinical application, we have used this in patients with status asthmaticus. It is currently thought that virtually all patients with status asthmaticus can respond to different intravenous therapies and even general anesthesia. But we all know as clinicians that that is not true and hundreds of patients die of status asthmaticus each year across the country. At our institution, we have used this application in a child, who despite general anesthesia, had a PCO 2 of 160 and an AVCO 2 R was applied. That patient went home on the fifth day as soon as the asthma broke.
In terms of applying this technique to prolonged air leak, I have not had to do that in my practice. But I can tell you over in Europe there is a manuscript that was submitted for peer review publication that does report on 7 patients in which this technique was applied successfully. Now, as to the problem of an inability to oxygenate, when teaching this technique the most difficult thing to communicate to clinical care physicians is the concept that when you uncouple CO 2 and oxygenation, physiology changes. If you ever watched somebody hold their breath for 2 minutes, they become desperate to breathe, but they never turn blue. The point is that once you initiate very slow volume control ventilation and remove CO 2 extracorporeally, oxygenation becomes much less of a physiologic challenge. However, for those few patients in whom we are unable to oxygenate, obviously more aggressive techniques such as venovenous or venoarterial ECMO are warranted.
DR. RONALD V. MAIER (SEATTLE, WASHINGTON): I want to focus on your proposed mechanism for the improvement in survival due to an increased apoptotic rate in neutrophils. You may have mentioned it and I missed it, but have you conducted the control of measuring the impact of extracorporeal circulation on the neutrophil apoptotic rate in this animal model? As you know, mere adherence of the neutrophils can initiate the caspase sequence and apoptosis. Did you assess low tidal volume ventilation and extracorporeal circulation without removing CO 2 in your circuit? I do not know the details of neutrophil adherence characteristics, but wonder whether exposure of the blood to the circuit without CO 2 removal would have any beneficial effect on increasing apoptosis and improving outcomes.
DR. JOSEPH B. ZWISCHENBERGER (GALVESTON, TEXAS):
We also asked that question and wondered whether we could separate the effects of the circuit from the gas exchange characteristics. If you put an animal that is this sick on an extracorporeal circuit and do not accomplish gas exchange, they all die. We performed a series of 5 animals fitted with AVCO 2 R but no sweep gas. I did not report these animals because they all died and the Institutional Animal Committee asked that we no longer perform that arm. So we have not obtained the data on that particular group.
One of the things I must mention is that we fully anticipated the conventional pathologic studies would yield some insight in the outcomes. But that was not the case. It was not until we looked at the physiology of the neutrophil that we were able to clearly see a difference in physiologic behavior between groups.
DR. H. GILL CRYER (LOS ANGELES, CALIFORNIA): I had a chance to visit this lab 1 time, and if you ever get a chance to do that, I would suggest you take it up because what they can do there is absolutely phenomenal. I was really struck by the fact that the structural pathology in the different groups was the same. And I assume that the animals are dying of hypoxia. You did not really say, but I assume that is the case. I, like Dr. Maier, am having trouble making the jump between how it is that a decrease in neutrophils in the lung tissue is keeping the animals from becoming hypoxic with this technique.
As you know, attempts to use monoclonal antibodies for neutrophils and things like that in experimental animals and in humans have not led to a particularly profound effect. And I just ask you to explain why it is those neutrophils might be contributing to the problem. DR. JOSEPH B. ZWISCHENBERGER (GALVESTON, TEXAS): Our interpretation is that every neutrophil that develops in the bone marrow is destined to be eliminated through apoptotic mechanisms. We interpret our data as indicating that apoptotic mechanisms are preserved by AVCO 2 R through CO 2 normalization that keeps the lung milieu from being subject to the degranulation of neutrophils and fueling of the inflammatory process.
For decades we thought that ARDS was a "fueling of fire" of inflammation in the lung that resulted in progressive respiratory failure. The finding that the apoptotic pathways and the apoptotic mechanisms are preserved by AVCO 2 R may be a clue to why this fueling of the fire no longer takes place when treated with AVCO 2 R.
Although hypoxia was present to a degree, the cause of death likely involved multiple organ damage. Obviously, we did not do a study designed to test that. This was uncovered when we went back and did the pathologic studies and delved deeper into the different mechanisms by which this could occur. That is why we are specifically conducting those studies now in another prospective randomized animal study.
DR. BASIL A. PRUITT, JR. (SAN ANTONIO, TEXAS): Dr. Zwischenberger, your study addresses the most important comorbid factor in burn patients today, which is inhalation injury. I was a little disappointed that there was no difference in the pathology. Do you have some idea how long such treatment would have to be continued in the patient to allow the lung to heal and resume normal function? Is there some time limit to how long this can be done because of the membrane effects of the device? And does that membrane effect have any consequence for the formed elements of the blood? Are the neutrophils in the circuit rather than in the lung? And does the device induce coagulopathy as time passes? Lastly, if you intervened earlier, would use of the device have a prophylactic effect and minimize the pathologic changes?
DR. JOSEPH B. ZWISCHENBERGER (GALVESTON, TEXAS): We, too, were disappointed that the simple studies of pathology did not yield a difference. However, we were comforted by the fact that our model indeed represented quite a lung injury and would yield an LD 100 if carried to completion with conventional management techniques.
One of the problems of designing a study of this nature is, first of all, do you declare an animal injured from the get-go and then perform your study based on the assumption that they are injured or do you require that they meet criteria? We felt strongly that to mimic the clinical situation they had to meet criteria for ARDS.
Likewise, in terms of treatment period, we are able to go 96 hours post-injury. But at that point, you hit Friday evening, and staffing an intensive care unit with a sheep on an extracorporeal device with the restrictions and labor force required is onerous at best. We plan on longer studies, but, as you can well imagine, the labor force involved becomes outrageous.
Finally, what I can tell you is that there were not neutrophils in the circuit to excess of what we saw in the other animals. In other words, the number of neutrophils in the lung was the same. It was the physiologic behavior of the neutrophils that became so readily apparent to us in our pathologic studies.
Again, this was by retrospective study. We did not plan on finding the neutrophils to be the overall deciding factor. Therefore, I can only tell you what we found; I cannot say we designed the study to look at neutrophils. But the data showed a difference between the groups. I think the bottom line is that all 3 groups were severely injured and we did see a significant outcomes difference that we attempted to explain.
The idea of starting earlier or using the device more prophylactically, obviously, is very exciting. The difficult problem is convincing clinicians to use an invasive technique such as extracorporeal gas exchange, even when a patient is in the throes of death. I think that trying to move this technique to an earlier point in the treatment process will require considerably more experience.
